Abstract. Thermospheric wind data obtained from the Atmosphere Explorer E and Dynamics Explorer 2 satellites have been combined with wind data for the lower and upper thermosphere from ground-based incoherent scatter radar and Fabry-Perot optical interferometers to generate a revision (HWM90) of the HWM87 empirical model and extend its applicability to 100 km. Comparison of the various data sets with the aid of the model shows in general remarkable agreement, particularly at mid and low latitudes. The groundbased data allow modeling of seasonal/diurnal variations, which are most distinct at mid latitudes. While solar activity variations are now included, they are found to be small and not always very clearly delineated by the current data. They are most obvious at the higher latitudes. The model describes the transition from predominately diurnal variations in the upper thermosphere to semidiurnal variations in the lower thermosphere and a transition from summer to winter flow above 140 km to winter to summer flow below. Significant altitude gradients in the wind are found to extend to 300 km at some local times and pose complications for interpretation of Fabry-Perot observations.
Introduction
The HWM87 empirical model (horizontal wind model) [Hedin et al., 1988] Manson et al. [1985] . Local time average meridional and zonal winds summarizing older rocket and meteor radar data in the 100-to 130-krn altitude range were used from tabulations by Groves [ 1969] .
Model Formulation
The HWM90 model is an extension of the HWM87 model, which is described in considerable detail by Hedin et al. [1988] . Here only the main points will be summarized, and the principal new features described. The HWM90 model requires the user to input the day of year, time of day (UT), altitude, geographic latitude and longitude, local solar time, 3-month average and previous day value of the 10.7-cm solar flux index, and either the daily Ap magnetic index or prescibed history of 3-hour ap indices.
The HWM87 model represented spatial (latitude and longitude or local time) variations in the thermosphefic horizontal wind vector by an expansion in vector spherical harmonics [Morse and Feshbach, 1953] 
where u is the meridional (or zonal) wind, z is altitude in kilometers, Zlb is the altitude of a lower bound (200 km), Hw is a wind scale height, U'lb is the wind gradient and Ul• the wind value at Zl•, and Uinf the asymptotic value in the high thermosphere (the exospheric value in analogy to the exospheric temperature). This formula allows specification, in general, of a wind magnitude and altitude gradient at a lower bound, an asymptotic or exospheric value, and the rate of convergence to the asymptote through a wind scale height. It is assumed that the wind varies with height on a scale similar to the atmospheric scale height in the upper thermosphere [Rishbeth, 1972] , and for the present model this scale height was taken as 62.5 km, the approximate average pressure scale height in the thermosphere from MSIS-86. Below 200 km the wind profiles are represented by a cubic spline, defined by cubic polynomials between specified nodes with first and second derivatives continuous across interior nodes. The nodes were chosen to be at 200, 150, 130, 115, and 100 km. The wind magnitude and altitude gradient are matched at 200 km with the upper thermosphere values, and in addition the altitude gradient is specified at 100 km. The nodes were not chosen equally spaced because there is relatively litfie data available between 130 and 250 km to support a higherresolution description at present. Some example profiles from the model are shown in Figure 1 . In general, wind magnitudes are smaller at lower altitudes and have sharper altitude gradients. Other details will be discussed later in this paper. Note, however, that the altitude profiles between 130 and 220 km may be less valid than for other altitude regions, given the paucity of data in this region, particularly for the zonal component, for which there is only the equatorial AE-E data. The spatial and temporal variation of the wind is described by expanding the exospheric wind, the wind at each of the cubic spline nodes, and the altitude gradients at 200 km and 100 km in terms of a spherical harmonic expansion similar to that used for the HWM87 model. Because of the sparsity of data between 130 and 220 km and concern with providing reasonable continuity through this region, a simplification was introduced for the winds at 150 and 200 km and the gradient at 200 km. These values were assumed to be basically proportional to the exospheric wind values augmented with additional semidiurnal terms. The proportionality was found to be 0.62 at 200 km and 0.5 at 150 km.
The harmonic expansion formulation is modified from HWM87 by inclusion of higher-order terms, more annual/daily variation cross terms (seasonal variations), and multipliers for solar activity variations. The terms used in this model are summarized and compared to HWM87 in Table 2 . The classification into symmetrical and asymmetrical is with respect to reflection about the equator with symmetrical meaning the vector spherical harmonic term provides zonal winds which have the same direction across the equator while the mefidional wind changes direction. The column value "m" refers to the longitudinal (or local time) harmonic content (0 means no longitudinal variation, 1 the first harmonic, etc.). The "n" value is the latitude harmonic order and is always equal to or larger than "m". If the n-m value is even, then the B field term is symmetric and the C field term is asymmetric. The higher the order "n" the greater the latitude variability that can be represented. Terms of order higher than those in the table were not found to be significant in fitting the present data set. In Table 2 a dash means this term is not included for this node while the quote symbol is a reminder that this node was linked to the exospheric wind values via an overall multiplier for this node.
Only the simplest solar activity dependence was considered in this model in the form of linearly scaling various groups of terms by a sum of the 81-day mean 10.7-cm solar flux index and fraction of the daily minus mean index. This procedure is analogous to that used in modeling neutral temperature; the current data coverage is inadequate to support a more detailed description. The daily solar flux variations were marginally found to be only 10% as effective as the mean flux variations in describing wind variations. In contrast, the daily flux variations are about 30 to 50% as effective as the mean flux variations in describing total density and temperature variations Table 3 for days with Ap<20. Data extracted from publications have considerably less spread in their data to model differences than data from original data bases. The data to model spread is also higher at high latitudes where both the systematic and random variations are larger. Here avg is average, sd is standard deviation, and pts is points. FP is Fabry-Perot, IS is incoherent scatter radar, and MS is mass spectrometer. difference between radar and Fabry-Perot could be due to the uncertainty in the knowledge of the neutral-ion collision frequency. In the southern hemisphere, the Mawson optical data are more southward in the evening than the satellite data. In general, data coverage is very sparse in the southern hemisphere and totally lacking in winter.
Because there are greater differences in observing conditions for the high northern latitude data than for lower latitudes, High-latitude zonal wind data for three seasons are shown in Figure 8 . At high latitudes the lack of radar data means the local time coverage is generally poorer than for the meridional component, although data are present for all seasons. In the northern hemisphere, the ground-based optical data (Sondrestrom, Svalbard, and College) are in fair agreement with the DE 2 mass spectrometer data but appear to have a systematically smaller diurnal variation than the satellite data.
This difference is reflected in a somewhat smaller diurnal variation in the HWM90 than in the HWM87.
In the southern hemisphere there is an indication of the same type of difference between the Mawson optical data and the satellite data. The high northern latitude data for all seasons from different sources are compared separately with the wind models in 
Daily Voyiations at Low Altitude
Only the incoherent scatter radar and the AE-E satellite mass spectrometer results cover an extended altitude range including the 130-to 220-km region. Complicating the analysis of solar activity variations are systematic correlations in the data. Through accidents of launch date and operations, both the AE-E and DE 2 satellite data have a general correlation between increasing altitude and increasing solar flux. Also, Burnside and Tepley [1989] suggest that the reference altitude for Fabry-Perot observations may change systematically with the solar cycle.
In contrast to the dominance of solar activity variations in thermospheric neutral temperature, density, and pressure, the best that can so far be said for solar activity effects in neutral winds is that they are more likely present at high latitudes than low, but are in any case relatively small compared to other types of variations and probably have a complex dependence on local time, season, altitude, and longitude. The results suggest that changes in coupling of the polar vortex with the neutral atmosphere over the solar cycle (because of changes in electron density), and perhaps seasonally, are more effective in changing the neutral wind than direct changes in solar heating. Changes in the pressure gradient forces over a solar cycle are not simply proportional to the overall temperature and density changes, because of changes in scale height, and when coupled with changes in ion drag apparently lead to only modest changes in wind magnitudes. 
